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ABSTRACT
The shot peening intensity of nickel base materials has been examined with an innovative eddy current measurement. The goal is to provide a nondestructive tool to quantitatively evaluate the surface conditions after shot peening. Traditionally, the residual stress caused by the shot peening process can be examined by X-ray diffraction. Recent eddy current works have shown promising results in evaluating the small conductivity variation due to the residual stress. This study explores the feasibility of utilizing the cable which connects to a network analyzer and a conventional eddy current probe to monitor the surface conditions due to the shot peening. 
SUBJECT TERMS
INTRODUCTION
The liftoff parameter, which is defined as the distance between a probe and the material under test, is usually considered as an undesirable variable in eddy current testing. For example, a common practice in typical flaw detection is to rotate the liftoff signal in the horizontal channel of the impedance plane while observing signals in the vertical channel. Therefore, the impact of liftoff variation by the movement of the probe in an inspection is reduced. Research using the liftoff curve itself is sporadical and control of the liftoff signal remains a problem even for today's advanced eddy current instrumentation. For example, in pulsed eddy current (PEC) testing, the liftoff is avoided by using a LOI (liftoff point of intercept) approach. At this point, the signal amplitude is independent of the liftoff. Numerous measurements have been reported using this LOI. On the other hand, by varying the distance between a probe and the material, one could obtain valuable information of the material's property. This is because for each material or conductivity, there exists a unique liftoff curve in the impedance plane, as shown in Figure 1 . For shot peened materials, the change of apparent eddy current conductivity due to the shot peening process is typically less than a percent or one-hundredth of % IACS (International Annealed Copper Standard). With conventional eddy current, which is built primarily for crack detection, it is difficult to distinguish a lightly shot peened surface, such as those from an engine component, from an un-peened one. Consequently, to address the shot peened level determination, as well as the residual stress estimation [1] , several approaches have been developed to address this need for small conductivity measurement at high frequencies.
Unlike most of the approaches which use innovative coil configurations for high frequency measurements, this resonant frequency approach [2, 3] explores the idea of using a cable, which connects between a probe and an instrument, as a resonator in generating high frequency eddy currents. The frequency range of a typical network analyzer used here is from KHz to GHz. The high frequency of this instrument is well beyond the commercial eddy current instrument high-frequency-limit of 12 MHz.
In addition, this paper also explores the concept of using the liftoff curve for a quantitative measurement of material property. Experimental data are provided to show that the liftoff curve could be a powerful tool in a quantitative eddy current measurement. A simple equivalent circuit is provided as a basis for the experimental observation. Figure 2 shows a simple equivalent circuit resonant frequency measurement. The material under test is treated as a single turn coil with resistance in the secondary circuit [4] . Let R 1 be the resistance of the inspection system including both cable and coil and L 1 the inductance of the primary circuit, while L 2 is the inductance and R 2 is the resistance of the secondary circuit. I 1 is the current in the primary circuit and I 2 is the current in the secondary circuit. M is the mutual inductance between these two circuits. This mutual inductance is closely related to the coupling condition between two circuits. A large liftoff gives small coupling constant while a small liftoff gives large coupling constant. A sinusoidal frequency, ω, is applied to the primary circuit across capacitance C which is mainly due to the cable. At high frequency [5] , or when 2 2 / R L ω >>1, it follows that a resonance occurs when the impedance becomes purely real and the imaginary part of the impedance reaches zero, the inductive and capacitive portions of the circuit become
AN EQUAIVALENT CIRCUIT FOR RESONANT FREQUENCY
where k is the coupling coefficient commonly defined as
with M the mutual inductance of the circuit. Therefore, the resonant frequency, ω becomes
when the coupling between the two circuits reach the minimum, i.e., k = 0, the resonant frequency simply becomes
EXPERIMENTAL SETUP
The cable is an integral part of an eddy current inspection system. The stray capacitance in a cable which connects to a probe is typically small. Although the cable effect has often been neglected in conventional eddy current testing, it still could have some impact on the signal acquired. For example, excessive movement of a cable during a test or changing to a cable of different length could cause changes in the signal. In addition, the effect of the cable needs to be closely examined when measuring material properties very close to surface, or at high frequencies. Figure 3 shows the variation of the resonant frequency with the length of the cable. Notice that as the cable length increases, the resonant frequency decreases. Although in conventional eddy current testing where a typical 6-foot cable is used, the resonant frequency due to the cable is about three times the highest frequency of conventional eddy current instruments. The cable effect becomes more significant as the test frequency is increased. Unlike an impedance analyzer which allows measurement of a device over a wide range of impedance, a network analyzer is designed for the measurement at specific characteristic impedance. In a previous study, a novel eddy current technique utilizing this cable effect for high frequency measurements using a network analyzer was reported. The impedance mismatch between an eddy current probe and the network analyzer creates a reflected signal and thus a standing-wave pattern. As the coupling condition of the probe changes, the amplitude and the phase of the signal also changes.
The scattering coefficient, as measured by a network analyzer, is the ratio of reflected wave to the incident wave in a simple one-port case. It has a direct relationship between the electrical impedance of the material being interrogated and the characteristic impedance of the measurement system. Therefore, the parameters which affect the impedance could also change the scattering coefficients and vice versa. Figure 4 shows the experimental setup. The frequency is recorded when a sharp phase change occurs in the scattering coefficient. As the cable length increases, the resonant frequency decreases. This shift of the resonant frequency is sensitive to conductivity, liftoff, defects …etc. 
RESONANT FREQEUNCY EDDY CURRENT LIFTOFF MEASUREMENT
The resonant frequency eddy current liftoff curve is made by recording the resonant frequency at different liftoff positions. The frequency shift is the difference of the resonant frequency between the peened side with the un-peened side of the specimen. Figure 5 shows the experimental results of materials with various shot peening intensities. 
10A MONITOR SHOT PEENING CONDITIONS
The curves in Figure 5 show that high shot peening intensity has a larger yintercept and a larger decay rate. Both of these trends could be used to monitor the shot peening conditions of materials. The following steps outline this process in Figure 6 . Figure 7 illustrates the Steps 1 and 2 showing resonant frequency data at two liftoffs and a fitted curve.
The monitoring of shot peening condition is described in Step 3 in Figure 6 . It requires an interpolation of the measured resonant frequency to a pre-determined experimental curve to identify the shot peening condition. This experimental curve can be constructed by using either the y-intercept or the decay information from curves of known shot peening intensities as shown in Figure 5 .
For example, using the intercept at y-axis and shot peening data in Figure 5 , a correlation curve can be constructed. This is shown in Figure 8 . With this correlation curve, the shot peening condition of an unknown material can be evaluated by using the y-intercept c 1 to this correlation curve. Figure 8 uses two arrows to illustrate this process.
Step 1. Measure the resonant frequency (y) at two liftoffs (x)
Step 2. Solve for two constants c 1 Step 3. Interpolate c 1 on an experimental curve to identify the shot peening condition FIGURE 6. A flowchart shows the evaluation of unkonwn shot peening condition from experimental data.
FIGURE 7.
Based on resonant frequency data at two liftoffs, a curve is fitted, based on a simple equation described in Step 2 in the text. Both the y-intercept c 1 and decay c 2 can be obtained. 
CONCLUSIONS
The feasibility of utilizing the cable which connects to a network analyzer and a conventional eddy current probe to monitor the surface conditions due to the shot peening has been explored:
• A novel resonant frequency eddy current measurement technique at high frequencies has been developed.
• This novel eddy current measurement technique monitors the frequency at which a sharp phase change occurs.
• As the cable length increases, the resonant frequency decreases.
• An application has been presented that monitors the surface treatment conditions of shot peened materials.
• At high frequencies, the surface conditions were easily distinguishable using the frequency shift measurement.
• The resonant frequency liftoff measurement technique discriminates shot peened materials of different intensities from Almen 16A to 4A.
• Assessment of shot peening conditions can be made by using the resonant frequency data obtained at only two liftoffs.
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